We report an (e; 2e) binding energy spectrum of Xe obtained at an impact energy of 2.1 keV, which covers the binding energy range up to 220 eV. The result is directly compared with data from high-energy photoelectron spectroscopy. It is found that an (e; 2e)-specific, very broad band appears at around 120 eV, although in other energy regions the binding energy spectra by the two methods are in good agreement. The presence of such a band is revealed for the first time, which can be attributed to the second-order effects of the electron-target interaction that involves giant resonance phenomena of the Xe 4d electron.
Ionization processes of rare gases have long been a subject of fundamental importance as well as of interest as a testing ground for many kinds of theoretical models. This is especially true for Xe. In fact, a large number of experimental studies have been conducted for Xe using various methods such as photon-, electron-, and positronimpact ionization cross section measurements [1] [2] [3] , photoelectron spectroscopy (PES) [4, 5] , and binary (e; 2e) spectroscopy or electron momentum spectroscopy (EMS) [6 -8] . Hence one may want to make comparisons of data by different methods for investigating what can be the common concept in the ionization mechanism, independent of the projectile species. The binding energy spectra by PES and EMS are particularly attractive for the purpose, as they are generally believed to be equivalent, provided the projectile energy is sufficiently high. In this respect attempts at comparison over a wide binding energy range including as many bands as possible are desired, because they make the most stringent assessment.
Indeed such an attempt was made for Xe by Braidwood et al. [7] . They measured an EMS binding energy spectrum at high energy-resolution of 1.06 eV full width at half maximum (FWHM) and analyzed it in terms of spectroscopic factor [6] , a quantity that corresponds to the square of the amplitude of the single-hole configuration in a final ion state. The results were successfully compared with spectroscopic factors derived from a high-energy PES (HEPES) spectrum by Svensson et al. [5] using Al K x ray. However, although the HEPES spectrum covers the binding energy range up to 220 eV involving ionization transitions of the valence 5p, 5s, and inner shell 4d, 4p, 4s electrons, the investigation by Braidwood et al. [7] was limited to ionization of the valence electrons due to the absence of EMS data above 44 eV. Brunger et al. [8] reported an EMS spectrum for the 4d electron ionization, but it covers only the specific energy region of 62 -74 eV.
Clearly, further EMS experiments on Xe are called for, which cover a much wider binding energy range.
In this Letter we report an EMS spectrum of Xe that covers the binding energy range up to 220 eV. The result is compared with the HEPES spectrum of Svensson et al. [5] in terms of spectroscopic factor. It is shown that an EMSspecific, very broad band is observed at around 120 eV, although in other energy region the EMS and HEPES spectra are in good agreement. The origin of the band is discussed and identified.
EMS involves coincident detection of the two outgoing electrons produced by electron-impact ionization under the high-energy Bethe ridge conditions [6] . With the aid of the laws of conservation of energy and linear momentum, binding energy of the target electron E bind and recoil momentum of the residual ion q can be determined:
(1)
Here the E j 's and p j 's (j 0, 1, 2) are kinetic energies and momenta of the incident and two outgoing electrons, respectively. The EMS experiment on Xe was carried out at impact energy of 2.1 keV, using a recently developed multichannel (e; 2e) spectrometer [9] . It employs the symmetric noncoplanar geometry where two outgoing electrons having equal energies (E 1 E 2 ) and equal polar angles of 45 with respect to the incident electron beam axis are detected. Then the magnitude of q can be determined from the out-of-plane azimuthal angle difference between the two outgoing electrons . The experimental results were obtained by accumulating data at ambient sample gas pressure of 3:0 10 ÿ4 Pa for 1 month runtime. The instrumental energy and momentum resolution employed were 4.5 eV FWHM and 0.45 a.u. at 0 .
In Fig. 1(a) we present a -angle integrated EMS spectrum of Xe which was generated by plotting number of the coincidence events as a function of E bind . Vertical bars indicate ionization transition energies of the 5p-4s electrons [5] , showing the 5p ÿ1 -4s ÿ1 main bands as well as their satellites. Note that the spectrum above 62 eV is scaled by a factor of 25 to make it easier to see bands due to the inner shell electron ionization. Figure 1(b) shows the HEPES spectrum of Svensson et al. [5] , which was digitized from the literature.
For EMS and HEPES studies on Xe the distorted-wave impulse approximation (DWIA) [6] and the sudden approximation [10, 11] have been widely used. Within these approximations ionization intensities by EMS and PES, I EMS and I PES , can be written as
Here is the normalized Dyson orbital and S i is spectroscopic factor for the transition to the ion state i. p are distorted waves for describing the incident and outgoing electrons and " is a continuum wave for the photoelectron. Since the Dyson orbital for a satellite is the same as that for its main band when electron correlation in the target initial state is neglected [6, 10, 11] , Eqs. (3) and (4) tell one that S i governs relative intensity of a satellite with respect to its main band in both EMS and HEPES. Note that this is valid as long as one adopts first-order approximation, which assumes the electron projectile to interact with the target only once, such as the plane-waveimpulse and distorted-wave-Born approximations [6] as well as DWIA. Thus it is possible to directly compare the EMS and HEPES spectra in terms of S i . For making such a comparison into practice, however, one must take into consideration the difference in the orbitalcharacteristic nature between the momentum profile jh ÿ p 1 ÿ p 2 j p 0 ij 2 and the square of the dipole matrix element jh " jrj ij 2 .
In the present study a comparison of the EMS and HEPES spectra was made as follows. First, we cut the HEPES spectrum into five pieces, as indicated by I-V in Fig. 1(b) , so that each piece includes one of the 5p ÿ1 -4s ÿ1 main bands and a cluster of satellites at its higher energy. Second, the five pieces were individually folded with the present instrumental energy resolution and the resultant model spectra were subsequently employed as fitting curves to reproduce the EMS spectrum by summing them with appropriate weight factors. This fitting procedure was made based on an assumption that in each piece all the components of a cluster of satellites belong to the same manifold as the main band. For the 5p and 5s electron ionization or the pieces I and II, the high energy-resolution EMS study of Braidwood et al. [7] and theoretical calculations using the configuration-interaction method [12] and the Green's function method [13] are supports of the assumption to a considerable extent. The fit to the EMS spectrum is shown in Fig. 1(c) where the broken lines represent the fitting curves and the solid line their sum.
It can be seen from comparison of Figs. 1(a) and 1(c) that the EMS spectrum, on the whole, is reproduced by the model spectra generated using the HEPES data, except in the energy region of about 100 -140 eV where only EMS exhibits substantial intensity; a clear difference between EMS and HEPES is observed here. The good agreement between EMS and HEPES in other energy regions suggests that understanding of the observed difference is beyond the reach of the first-order approximation. Hence one may conceive that possible sources of the difference are multiple scattering effects and/or higher-order effects.
To examine the effects of multiple scattering on the EMS spectrum, we made an additional EMS measurement by increasing the ambient sample gas pressure by a factor Fig. 2 , where the EMS spectrum at 3:0 10 ÿ4 Pa in Fig. 1(a) is also depicted for comparison. It leaves no doubt that the EMS spectrum does not vary with the ambient sample gas pressure, confirming the present EMS results being free from multiple scattering effects. Thus the following attempt was carried out to make the difference between EMS and HEPES directly visible. First, we searched for additional fitting curves to reproduce the EMS spectrum satisfactorily. Addition of a Gaussian curve centered at 120 eV was eventually found to almost completely reproduce the EMS spectrum, as in Fig. 3(a) where the best fit to the EMS spectrum is shown. Second, we produced a difference spectrum by subtracting the model spectra of the best fit from the EMS spectrum. The result is presented in Fig. 3(b) .
The difference spectrum in Fig. 3(b) clearly reveals the presence of a very broad band ( 50 eV FWHM) centered at around 120 eV. Such broad nature is strongly reminiscent of giant resonance phenomena [14] , in which the 4d electron is ionized to the f partial wave due to the doublewell potential. As an example, a spectrum by forwardscattering electron energy loss spectroscopy (EELS) is shown in Fig. 3(b) , which was generated by transforming optical oscillator strength of Xe [15] using the Bethe-Born conversion factor. Giant resonance profile appears as a broad band ( 40 eV FWHM) centered at around 100 eV, and its remarkably large cross section can be recognized by comparing the EELS intensity at 100 eV with that at the ionization potential of the 4d electron (IP 4d 69 eV). It is evident from Fig. 3(b) that the difference spectrum is very similar in shape to the EELS spectrum, while the width of the former is about 10 eV larger than that of the latter. Also evident is that the peak of the former is located at about 20 eV higher energy than that of the latter.
The remaining possible source of the difference between EMS and HEPES can give a rational explanation for the observations above, that is, higher-order effects. Here the two-step (TS) mechanisms [16, 17] , second-order terms of the plane-wave Born series model [17] , hold the key. They involve two successive half-collisions that lead to a joint change of state of two target electrons, and the following processes can contribute to the EMS spectrum: (a) e 0 Xe ) e 0 1 e 2 Xe 5p ÿ1 ) e 1 e 2 Xe 2 5p ÿ1 ; 4d ÿ1 e"f, (b) e 0 Xe ) e 0 0 Xe 4d ÿ1 e"f ) e 1 e 2 Xe 2 5p ÿ1 ; 4d ÿ1 e"f, (c) e 0 Xe ) e 0 1 e 2 Xe 5s ÿ1 ) e 1 e 2 Xe 2 5s ÿ1 ; 4d ÿ1 e"f, (d) e 0 Xe ) e 0 0 Xe 4d ÿ1 e"f ) e 1 e 2 Xe 2 5s ÿ1 ; 4d ÿ1 e"f. These TS processes consist of the (e; 2e) ionization process of the 5p or 5s target electron and the giant resonance process of the 4d electron to "f due to a collision with the incident or outgoing electron. Overall contributions of the TS processes can be expressed by the sum of the two components jf5p; 4d f4d; 5pj 2 jf5s; 4d f4d; 5sj 2 , where f5p; 4d, f4d; 5p, f5s; 4d, and f4d; 5s represent scattering amplitudes of the processes (a),(b),(c), and (d), respec- tively. For the process (a) [process (b)] the binding energy in the EMS spectrum is the sum of energy loss in the giant resonance process and ionization transition energy of the 5p electron of Xe (Xe with the 4d hole), i.e., E bind E gr E 5p . The same is true with the processes (c) and (d) if the 5s electron is considered instead of 5p. The giant resonance process involved in the TS processes must be largely dominated by forward scattering under the present experimental conditions where energies of all the incident and outgoing electrons are very high compared with the energy loss. Besides, photoion yield measurements [1] have shown that giant resonance profile of Xe is very similar in both shape and energy to that of Xe. Hence one can take the peak energy of the EELS spectrum in Fig. 3(b) as a representative of E gr , i.e., E gr 100 eV. Furthermore, for simplicity, let the ionization transition energies of the 5p and 5s electrons of Xe as well as of Xe be the same as transition energies of the 5p ÿ1 and 5s ÿ1 main bands of Xe, i.e., E 5p IP 5p 13 and E 5s IP 5s 23 eV. Despite this rather simple treatment of E gr , E 5p , and E 5s , one can arrive at a surprisingly good agreement with the observations in Fig. 3(b) . Namely, the two components, jf5p; 4d f4d; 5pj 2 and jf5s; 4d f4d; 5sj 2 , are expected to give contributions centered at E bind 113 and 123 eV to the EMS spectrum, and the average of these values is found very close to the peak energy of the difference spectrum, i.e., 113 123=2 118 120 eV. The larger width of the difference spectrum compared with the EELS spectrum can be qualitatively understood by considering the difference in energy between IP 5p and IP 5s . Clearly, contributions of the TS processes (a)-(d) can account for the difference between EMS and HEPES. We believe that this is the first observation of giant resonance phenomena involved in higher-order effects of the projectile-target interaction.
Finally, it may be worthwhile to discuss why higherorder effects are noticeable in EMS only, though the following process (e), similar to the processes (a) and (c), is possible in PES: (e) h Xe ) e 0 Xe 5p ÿ1 or 5s ÿ1 ) e Xe 2 5p ÿ1 or 5s ÿ1 ; 4d ÿ1 e"f. A clue for understanding the reason can be found in Figs. 1(a) and 1(b) . The 5p and 5s electrons dominate total (e; 2e) cross section of Xe over other electrons, whereas the total photoionization cross section is dominated by the 4d electron. Let cross sections of the processes (a),(c), and (e) be described as a product of intensities of the two halfcollision processes involved. Then, by keeping in mind the remarkably large intensity of giant resonance phenomena [14] , one may reach the following conclusion. In EMS intensity of the 5p (5s) ionization is large, so cross sections of the processes (a) and (c) as well as of the processes (b) and (d) become comparable to the small (e; 2e) cross section for the 4d electron. On the other hand, in PES intensity of the 5p (5s) ionization is small and hence cross section of the process (e) becomes negligibly small compared with the large photoionization cross section for the 4d electron.
